Abstract: Despite the extensive use of aquatic insects to evaluate freshwater ecosystem health, little is known about the underlying factors that result in sensitivity differences between taxa. Organismal characteristics (respiratory strategy and body size) were used to explore the rates of 
Introduction
Ecologists have developed a variety of indices, metrics, and other tools that attempt to assess freshwater ecosystem health via surveys of resident insect taxa (e.g., Hilsenhoff 1988; Plafkin et al. 1989) . Remarkably, none of the current survey-based bioassessment techniques is based on understanding how insect physiological and morphological attributes affect responses to specific environmental stressors. Rather, they are based on a wide assortment of observational studies that, by nature, cannot adequately define causal relationships. This paper examines organismal characteristics that are important in determining uptake of environmental pollutants.
Aquatic insects arose from numerous invasions of aquatic habitats by air-breathing terrestrial ancestors (Kristensen 1981) . The radiation of aquatic insect species is accompanied by significant developments and modifications in respiratory and associated osmoregulatory systems. Several aquatic respiratory strategies have emerged from the basic open tracheal system, including epithelial gas exchange systems utilizing body walls and gills (Eriksen et al. 1996) . In some orders, such as Diptera, more than one strategy is seen including air breathing and dissolved oxygen (DO) breath-ing. All taxa in the orders Ephemeroptera, Plecoptera, and Trichoptera (EPT) have closed tracheal systems and are dependent on aqueous gas exchange. The integuments of aquatic insects are covered by protective surfaces of waxes, chitin, and scleretin that are relatively impermeable to gasses and water. However, insects that breathe dissolved oxygen have exposed epithelial surfaces that exchange gasses and salts, including respiratory tissue, chemosensory cells, and chloride cells. Insects are extremely heterogeneous with respect to the relative epithelial surface area used for gas and salt exchange, which is determined in part by age, sex, size, life history, and water chemistry.
Our working hypothesis is that insects with relatively large areas of exchange epithelium are potentially more vulnerable to poor water chemistry conditions than those with smaller areas of exchange epithelium. Because organisms with larger exchange epithelial surface areas are more physiologically connected to the water column, they may be more sensitive to a variety of water column associated stressors relative to organisms that do not have large exchange epithelial surfaces. For example, in low dissolved oxygen scenarios, air-breathing insects would largely be unaffected, whereas DO-breathing insects would be stressed. The experiments presented in this paper examine the importance of respiratory strategy and associated exchange epithelium in determining accumulation of the insecticide [ 14 C]chlorpyrifos. Water permeability is used as a quantitative surrogate for estimating relative differences in exchange epithelium that we predict are important in determining exposure to contaminants. In addition, we report a technique for characterizing taxa based on exchange epithelium via the use of the fluorescent membrane dye DPH (diphenylhexatriene). The goal of this technique is to aid in our predictive capacity to determine differences in species-instar sensitivity to stressors that exert their negative influences via exposed cellular surfaces.
Materials and methods
All insects used in this study, with the exception of Chironomus riparius, were field collected from sites in Oregon, using a D-frame kick net (Table 1) . Individual insects were placed in each flask, with the exception of experiments with the organisms C. riparius and Psectrotanypus sp., in which two individuals were placed in each flask. Individuals were held for 0, 1, 2, 4, and 8 h and, in some cases, 12 h. When available, five insects per time point were used. After exposure, insects were removed from exposure flasks, rinsed profusely with water, weighed, and placed in 20 mL scintillation cocktail vials. Amersham (Oakville, Ont.) NCS II ® tissue solubilizer was added to each vial, and digests were held at 50°C overnight and neutralized with glacial acetic acid to obtain pH 7. Eighteen millilitres of Amersham BCS-NA ® nonaqueous scintillation cocktail were added, and samples were held in a refrigerator in the dark for at least 4 days to minimize chemiluminescence. These samples were well mixed and counted with a Beckman LS 6500 liquid scintillation counter (Beckman Instruments, Inc., Fullerton, Calif.) . Five control insects of each taxon were placed in water containing the acetone carrier for 1 h, removed, digested, and analyzed as described above. Note: (3) and (4) following C. riparius denote instar. Table 1 . Test organisms, respiratory strategies (air vs. dissolved oxygen (DO)), body weights, chlorpyrifos uptake (slopes, ranks, r 2 ), water uptake (ranked times to ½ steady state), and number of organisms used in each experiment.
Five individuals per taxon were blotted dry, weighed, and transferred to preweighed aluminum weigh boats to be dried at 50°C for 72 h to determine average percent body water composition. Average percent body water was used to estimate body water volumes for each taxon exposed to [ To fluorescently label external cellular surfaces on C. riparius and Psectrotanypus sp., the following procedure was used. Diphenylhexatriene (DPH) was obtained from Molecular Probes, Eugene, Oregon. A 43 mM stock solution was prepared in 100% dimethylformamide (DMF). DPH stock (0.25 mL) was added to 10 mL of a 250 mM mannitol -10 mM HEPES buffer solution at pH 7.4. This aqueous suspension was sonicated and mixed before the addition of live larvae. One larva of each species was jointly incubated in this mixture as it was stirred slowly. The larvae were removed after a 15-min incubation, rinsed thoroughly with tap water, and anesthetized with CO 2 . The larvae were then photographed with a Diagnostics Instruments (Sterling Heights, Mich.) SPOT 2 ® camera through a Leica (Northvale, N.J.) MZFL111 ® stereoscope equipped with a 100-watt mercury vapor lamp and ultraviolet fluorescent filter.
Statistical methods used include linear regression, nonlinear regression, and Spearman's rank correlation coefficients (Sokal and Roth 1995) .
Results

Water permeability
There were large differences in the accumulation of water between taxa (Figs. 1a, 1b ). Accumulation of [ 3 H]H 2 O was described in terms of the percentage of the individual's body water that was incorporated from the external media. As an arbitrary descriptor of water permeability, the 50% steady-state point was compared among taxa (Fig. 2) . Both body size and respiratory strategy appeared to be important determinants of water uptake rates. Smaller taxa generally had higher water turnover rates than did larger organisms, and DO breathers had higher water turnover rates than did air breathers. Body weights and times to 50% water steady state were ranked. For all taxa, a negative correlation between body weight and time to 50% steady state was observed (Spearman's rank correlation coefficient = -0.75; p = 0.01). All air-breathing taxa had lower permeability than expected based on body weight alone (Table 1 ). The only DO breather that had lower permeability than expected based on body weight was the chironomid Psectrotanypus sp. (Table 1). (Figs. 3a, 3b) . The decision to include 12 h as a time point was based solely on organism availability. As was the case with water permeability, body size was an important determinant of [ 14 C]chlorpyrifos accumulation. For all taxa, a negative correlation between ranked body weights and chlorpyrifos uptake rates was observed (Spearman's rank correlation coefficient = -0.86; p = 0.005). All air-breathing taxa had relatively low chlorpyrifos uptake rates based solely on body size (Table 1 ). The only DO breather that had a lower than expected chlorpyrifos uptake rate was the chironomid Psectrotanypus sp. (Table 1) .
Water turnover rates were jointly determined by body size and respiratory strategy and were strong predictors of [ 14 C]chlorpyrifos uptake. A Spearman's rank correlation coefficient of 0.98 (p = 0.001) was observed between chlorpyrifos uptake ranks and ranked times to 50% water steady state across all taxa. The relationship between the magnitudes of [ 14 C]chlorpyrifos uptake rates and water permeability was described by simple exponential decay with an r 2 = 0.98 (Fig. 4) .
Fluorescence characterization
Fluorescence of DPH was more broadly distributed on the body surface of C. riparius than on that of Psectrotanypus sp. (Fig. 5) . These larvae were jointly incubated, rinsed, and photographed. This image was not adjusted or altered in any manner. The fluorescence distributions in these larvae indicated that C. riparius has a relatively large cellular interface with the water column compared with that of Psectrotanypus sp. DPH has several characteristics that make it useful for examining insect body surfaces. DPH is a cylindrically shaped molecule that is essentially nonfluorescent in water. However, fluorescence excitation and emission dipoles are oriented roughly parallel to the axis of the cylindrically shaped molecule, resulting in increased fluorescence when incorporated into the plasma membranes of epithelial cells. With this in mind, images of DPH-labeled insects can be compared based on overall brightness, relative size of fluorescing surfaces, and photographic attributes such as magnification and exposure time (Haugland 1996) .
Discussion
Studying traits at the organismal level has advanced our understanding of how freshwater systems function. For example, functional feeding guild approaches (Cummins 1974) have helped scientists understand how communities of organisms change from stream headwaters to mouth (Vannote et al. 1980) . To date, no such structural-functional approach has adequately determined which organismal characteristics are important in determining responses to specific water chemistry problems, although biological traits are beginning to be explored in this context (Charvet et al. 1998 ).
Water turnover
Based on results reported here and basic physiological principles, we suggest that body size and respiratory strategy (including associated exchange epithelia) are primary determinants of water turnover rates in aquatic insects. Smaller individuals have larger surface area to volume ratios. Additionally, larger organisms typically contain more water than smaller organisms. However, size alone did not determine water turnover rates in these studies. Respiratory strategy also played a key role. All air-breathing taxa had lower water turnover rates than DO-breathing taxa within a given size range. This was expected, as there is more exchange epithelium in DO-breathing taxa.
It is likely that highly permeable taxa are more vulnerable to osmoregulatory distress than other taxa. Based on the metabolic costs associated with removing excess water and retaining salts, we suggest that there are some disadvantages in having a water-permeable integument, particularly in degraded water chemistry conditions. Exchange epithelia are directly involved in osmoregulation, as water (passively) and ions (passively and actively) pass in both directions through exchange (Frisbie and Dunson 1988; Kirschner 1991; Cooper 1994) . These fluxes can be altered by environmental stressors in insects (Havas and Hutchinson 1983; Lechleitner et al. 1985; Peters et al. 1985) and crustaceans (Havas and Advokaat 1995; Havas et al. 1984) .
Chlorpyrifos accumulation
Several studies have indicated the importance of exchange epithelium as determinants of responses to environmental pollutants. For example, crude oil (Simpson 1980 ) and chlorine (Simpson 1980; Camargo 1991) were found to damage gills in freshwater insects. Respiratory and osmoregulatory epithelium is a critical target site in the toxicity of metals such as copper (Hare 1992) , mercury (Bodou et al. 1991) , and aluminum (Gunderson and Curtis 1995) . However, direct uptake via the water column is not always the predominant exposure pathway in aquatic insects. (Hare 1992) . Research with the air-breathing insect Chaoborus demonstrates that cadmium exposure via food is a more important exposure pathway than direct uptake via the water column (Munger and Hare 1997; Munger et al. 1999) .
To date, we are aware of no other published studies that have examined the role of aquatic insect respiratory strategies in determining differences in uptake of organic pollutants. Many organic contaminants are known to partition to the lipid-rich environments of cell membranes in aquatic organisms. In their extensive work with the lampricide TMF (3-trifluoromethyl-4-nitrophenol), Maki and Johnson (1977) observed that "macroinvertebrate species with soft, relatively permeable integuments accumulate significantly higher residue concentrations…than those species with hard chitinized or calcareous exoskeletons". Our results indicate that accumulation of [
14 C]chlorpyrifos is highly correlated with water turnover rates. However, we did not observe a relationship between the hardness of the integument and water permeability or [
14 C]chlorpyrifos accumulation. Soft-bodied taxa were both highly (C. riparius) and minimally (Ptychoptera sp.) permeable. Rather, we observed that respiratory strategy and body size were more important factors in determining both [
3 H]H 2 O and [ 14 C]chlorpyrifos uptake. Maki et al. (1975) also observed differences in TMF LC 50 values between younger and older individuals of the same taxa, with younger instars being more sensitive than older instars. These results are consistent with those of Stuijfzand et al. (2000) , who observed more than a 1000-fold difference in diazinon LC 50 values for 1st and 4th instar C. tentans. Although we did not determine LC 50 values in our experiments with C. riparius, we did observed that third instar individuals had almost a twofold higher [ 14 C]chlorpyrifos uptake rate than that of the fourth instar individuals. This could be attributed to larger surface area to volume ratios in earlier instars. Additionally, higher growth rates and metabolic demands can result in relatively larger areas of exchange epithelia in earlier instars. We are currently exploring the extent to which chlorpyrifos sensitivity differences among C. riparius instars are driven by differences in target site sensitivity, metabolic processes, or simply a function of differences in uptake rates.
Uptake differences among taxa do not necessarily translate to differences in contaminant sensitivity, particularly when comparisons are being made across unrelated taxa. Differences in target site sensitivity, metabolic capabilities, and detoxification mechanisms can be expected to vary widely at the ranks of order and family and, in some cases, genus. Despite the fact that C. riparius had high chlorpyrifos accumulation rates, it is not particularly sensitive to this compound. We have determined that this lack of sensitivity is due to the relatively slow biotransformation of chlorpyrifos to the oxon metabolite, which is the more toxic form (D.B. Buchwalter, J.J. Jenkins, and L.R. Curtis, unpublished data). However, within closely related organisms, differential sensitivity may possibly be predictable based on exposure potential.
A major challenge in characterizing an organism's epithelial surface area is that these surfaces are not readily identifiable. We used water permeability as a quantitative surrogate to estimate the relative differences between taxa in terms of exposed cellular surface. Water permeability differences are driven by body size and exchange epithelial surfaces. We rule out the effect of drinking in these studies. It is generally thought that drinking is an osmoregulatory strategy limited to primitive forms (Komnick 1977) . In addition, we suspect that large exchange epithelial surface areas are primarily driven by respiratory requirements and, to a lesser extent, osmoregulatory and chemosensory functions.
To facilitate the categorization of taxa based on exchange epithelial surface area, we offer the DPH fluorescence technique as a precursor to quantitative measures of exchange epithelia surface areas. The membrane dye DPH offers an inexpensive and rapid way of discriminating between taxa in terms of epithelial surface area differences, which may be used to predict differences in contaminant uptake rates. Two species of Chironomidae were chosen for comparison based on their phylogenetic relatedness, the simplicity, size, and similarities of the body plan, and the lack of gill coverings or complex three-dimensional gill structures. The more extensive fluorescence seen on the body surface of C. riparius vs. Psectrotanypus sp. was consistent with the higher water permeability and chlorpyrifos accumulation seen in C. riparius vs. Psectrotanypus sp. A higher incidence of fluorescence was associated with higher flux rates. Because of the limited availability of Psectrotanypus sp., we were unable to compare the sensitivities of these taxa.
The DPH fluorescence approach has the potential to add predictive power in assessing differences in species' exposure potential. The degree to which exposure potential and sensitivity are related should be examined further within a phylogenetic context to minimize confounding factors resulting from physiological differences among unrelated taxa. DPH is potentially useful in describing the attributes of resident biota and can be developed into diagnostic tools to discriminate between stressors that manifest their effects via epithelial surfaces and stressors that are based on physical habitat problems.
Aquatic insect organismal characteristics and life history attributes have not been adequately incorporated into either toxicological or ecological approaches to studying water pollution. In the results reported here, body size and respiratory strategy were important determinants of both water permeability and chlorpyrifos uptake. We suggest that these attributes could be incorporated into bioassessment protocols. For example, a percent air-breather metric could be particularly useful in wetland and other lentic systems to discriminate between water chemistry and physical habitat degradation. Additionally, in areas where pulses of contaminants are present, we suggest that smaller, DO-breathing organisms would be more likely to be impacted than larger and (or) air-breathing taxa. In systems with dissolved oxygen problems, we suggest that larger DO-breathing organisms would be at a disadvantage relative to smaller and (or) air-breathing taxa. Finally, the DPH technique may provide the basis for testing hypotheses regarding the potential sensitivity differences among taxonomically related organisms. This could refine techniques such as EPT-based metrics to evaluate stressor-specific responses that currently do not exist.
